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13. Comparison of Drag on Clark-Y Wing "Jhen In and Out 
of Formation l& 
14. comparison of Drag on Clark-Y Wing "Jhen In and Out 
of Formation 43 
15. Comparison of Drag on Clark-Y Wing \Taen In and Out 
of Formation 44 
16. The Affect of Changing the Distance Between Wing Tips 
of the Front Wings in the inverted Vee Formation, . . . . . 45 
17. General Solutions For the vertical Induced Velocities 
in the Lateral Plane, Z - 0 46 
ix 
Figure Page 
IS. comparison of the Power Required For the SHJ-4 tthen 
In and Out of Formation . • . 47 
19. Top View of Wind Tunnel Testing Setup 43 
20. Side View of Wind Tunnel Testing Setup 49 
21. Instrumentation For Wind Tunnel Testing Program 50 
22. Horseshoe vortex System 52 
INTRODUCTION 
The range of an airplane has always been of great importance. 
oince the advent of the jet airplane, which now holds the stellar pos-
ition in military flying, range considerations have become even more 
critical. This is primarily due to the fact that high fuel consumption 
goes hand in hand with the jet airplane, and high fuel consumption ob-
viously means less range. 
Many methods for increasing range have been developed and new 
improved methods arc constantly being sought. It is the purpose of this 
thesis to submit a method which will substantially increase the range of 
an airplane without the use of external fuel tanks (which inadvertently 
decrease other performance characteristics) or reouiring special airplane 
tankers, 
Perhaps the basic idea of this thesis was obtained from a phenom-
enon which exists in nature. This phenomenon is employed by migratory 
birds while flying in vee formation,- Most duck hunters are fanfi-liar 
with the sight of migratory birds winging cross-country and have possibly 
observed that the lead position is frequently exchanged between birds. 
This exchange of lead is necessary because each succeeding bird is tak-
ing advantage of the rising air currents caused by the bird immediately 
in front of it, thereby requiring less effort to remain in flight. 
K. Schlichting, Saving of Power in Formation Flying, David Taylor 
i.odel Basin Translation 239, October, 1950. 
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An analogous situation e;cists in the field of flow about an air-
plane wing. It is known that a region of downwash exists directly "be-
hind a wingj t/hile laterally adjacent to the wing, but usually consid-
ered unimportant, is a region of upwash, It is this region in which we 
are interested for it will be shown that the upward induced velocity pro-
duced by a finite wing is .great enough to martially support another air-
plane. Indeed, the effect doubles when two airplanes fly wing tip to 
wing tip approximately one half a span apart. In this manner a region 
of upward induced velocity is created between and immediately aft of the 
two airplanes in which a third airplane nay fly, forming an inverted vee 
formation. See Fig. 1. 
Figure 1 
The Inverted Vee Formation 
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Hence, like the migratory bird, the third airplane will use the 
rising air currents, (i,e„ upward induced velocity) to gain an addition-
al lift component. This makes it possible to fly at a reduced povrer set-
ting irith a resulting increase of range. It irould then be possible, for 
example, to carry a high speed bomber to a point outside the target area 
before release, or to form an emergency formation when one airplane is 
damaged, or low on fuel, such that the high speed bomber or the aircraft 
in jeopardy night remain airborne at a fraction of the normally required 
power, 
THEORY 
The field of flaw about a finite wing has been completely con-
sidered in a variety of classic papers now available in the literature, 
o 
Perhaps the most familiar treatments are those by Hermann Glauert*- and 
L. Prandtl^, for whom the lifting line theory Is named, 
Prandtl1 s theory employs the hypothesis that a wing of finite 
span may be represented 'oj a lifting line vortex system. This system 
is composed of a bound vortex and tiro trailing vortices. 
For the case of the wing of finite span, shown in Fig. 2, the 










Prandtl*s Horseshoe Vortex System 
oo 
H. Glauert, The Elements of Aerofoil and Airscrew Theory, Cam-
bridge: University Press, 1947, 
-*L. Prandtl, Applications of Modern _Ĥ rqdvnar.iics to Aeronautics, 
(U. 3. National Advisory Committee for Aeronautics, Technical Report 
Ho. 116, 19^5). 
: 
tips but extends downstream as a pair of trailing vortices for a dis-
tance which is considered to be infinite. The strength of the trailing 
vortices is the same as that of the bound vortex, since in a circulatory 
flow the circulation is the same around every enclosed path. Actually 
the trailing vortices roll-up into a pair of vorto:: tubes, e:rfcending 
downstream at a distance apart somewhat less than the wing span. If 
the rolling-up process is considered along with the 'horseshoe' vortex 
system, the vortex strength (circulation) and whole field of flow around 
the airplane uing nay be obtained, as soon as the spam rise lift distri-
bution is known. 
It will be shown that if the airplanes in an inverted vee forma-
tion are replaced by three simple horseshoe vortex systems, as shown in 
Fig. 3} the theoretical upward induced velocities—upwash—at the region 





The Inverted Vee Formation Represented By Three l/ortex Systems 
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The solution for the theoretical upwash in the region of the rear air-
plane is simplified by assuming a uniform spanwise loading on the front 
wings. This is not the actual condition for any airplane wing. While 
the rectangular wing might be expected to have a constant spamri.se dis-
tribution of lift and consequently a constant circulation P along the 
span, this would require infinite downwash velocities and rather large 
induced angles of attack at the vring tips. This is not a true case, 
in as much as the lifting forces and effective angles of attack usually 
decrease toward the wing tips, .nevertheless the assumption for uniform 
spam-d.se loading suffices, since the regions of infinite downwash vel-
ocities are avoided entirely in all calculations for the theoretical 
upwash, as will be explained later. 
It has been shewn for the uniform loading condition, that the 
total theoretical upwash at a point laterally out fron the plane of 
i 
symmetry and x distance ahead of the finite wing represented by a horse-
shoe vortex system, is the summation of the upwash due to the bound vor-
tex, the starboard trailing vortex and the port trailing vortex,^ In 
equation form the theoretical upwash is 
w = wb + w3 +• wp 
The solution of this equation reveals that the upwash pattern between 
the two front wings of the inverted vee formation is the form shown in 
Fig. 4. The complete mathematical solution may tie seen in Appendix III. 
%lan Pope, Basic Wing and Airfoil Theory, (McGraw-Hill Book Com-




Upwash Pattern Between Tiro Airplanes 
In this thesis the average upwash between the two front airplanes 
was determined by integrating the area under the curve between limits 
chosen irithin the upwash pattern—a procedure which avoids the infinite 
upwash at the vortex center. 
The location of the rear wing in the x direction with respect to 
the two front wings is most important, in as much as the rear wing must 
be placed where the upwash is a maximum to insure optimum results. Gen-
erally this position of maximum up-rash occurs at a point downstream where 
the trailing vortices are completely rolled-up. This point, measured from 
the quarter chord of the wing to an x distance downstream, may be calcu-
lated by the formula as given by Kaden* which is 
x = 0.56s£| 
Therefore, if the three airplanes of the inverted vee formation 
are replaced by three simple horseshoe vortex systems, and the system 
representing the rear airplane is placed at the position for maximum up-
wash as predicted by Kaden1s formula, the theoretical upwash for the 
^H, Kaden, Aufwicklung einer unstabilen Unsteti,p;keitsfache, 
Ingenieur-Archiv, Vol. II, No. 2, May, 1931, S 140-168. 
: 
position of the rear airplane may be calculated. This will be the theo-
retical upwash which is to be compared with the experimental upwash. 
The experimental upwash ̂ exp ^s "^e upwash obtained in the wind 
tunnel and flight tests. It nay be obtained after numerical substitu-
tion in the equation 
w*~~ = -rPm t feet per second exp cL ' 
This equation is obtained in the following manner. In the inverted vee 
formation the affect of the upwash, caused by the front airplanes, on 
the rear airplane is a net decrease in the induced drag of the rear air-
plane, 
The downwash angle aĉ  is equal to the induced drag D^ divided by 
the lift L. 
L 
Since the downwash angle is also equal to the downwash w divided by the 
free stream velocity V, the above equation becomes 
H = ^ 
7 L 
Dividing numerator and denominator of the right side of the above equa-
tion by 1/2J2V2S we get 
^L-X 
v " c L 
? 
Now, the average upwash v that is produced by the front wings causes 
an average flow change 
A OC - T7 
•A. ~ 7 
such that the induced drag on the rear wing is reduced by a - L. 
V 
Making t h i s subs t i tu t ion we get 
A L 
£±az ^ = W = 
V 
The right side of the equation is again changed to coefficient form and 
setting w • ̂ experimental "^ie sop-̂ tion becomes 
Eexp = 
^ G D i 
V C^ 
In as much as the drag that is measured on the rear wing is the total 
drag, the above equation can be e:pressed in terms of total drag with-
out changing the magnitude of the esqperimenta! upwash. nence the final 
form xs 
<£ CDV 
ê̂ q? p 
EXFERE5EHTA1 PROCEDURE 
Hind Tunnel Tests,—The wind tunnel testing which was necessary to estab-
lish the validity of the topic was conducted at the Georgia Institute of 
Technology* in the Thirty Inch Wind Tunnel. 
The wind tunnel test section was provided with detachable hori-
zontal and vertical boundaries. Only the vertical boundaries were used 
during the test program* This was necessary for reasons that will Je 
explained later. 
Aerodynamic forces on the test models were measured by a strain 
gage balance system, through a Baldwin Southwark SR-4 Control Box. 
The wind tunnel was controlled by a radial type rheostat connect-
ed in series with a fine adjustment sliding rheostat. A vernier nano-
meter was used in conjunction with the rheostat control to set the wind 
tunnel velocity. The vernier manometer read the static pressure in the 
settling chamber of the wind tunnel. From the plot of the piezometer 
ring pressure difference in millimeters of alcohol versus the dynamic 
pressure in millimeters of alcohol, a test section velocity of US.5 
feet per second was equivalent to the pre-selected manometer reading of 
150 millimeters of alcohol whose specific gravity eoualed 0.e03. 
The wind tunnel models used in the testing were two wings of lam-
inated mahogany construction. One wing had a Clark-X airfoil section, 
a span of 12.0 inches, a chord of 3.0 inches and an aspect ratio of 4,0, 
The other wing had a MCA 4312 airfoil section, a span of 20.0 inches, 
a chord of 4.0 inches and an aspect ratio of >.0. 
Before any tests runs were made a complete calibration of the 
test section was performed. The calibration consisted of a velocity 
calibration to obtain any variation of lateral or longitudinal velocity 
distributions, a flow angularity survey to check the angle of the flow 
through the test section and a turbulence survey using a turbulence 
sphere to find the turbulence factor and critical Reynold*s number of 
the wind tunnel. The only correction found necessary was one for the 
flow angularity, since an average vertical flow of six-tenths of one 
degree existed in an upward direction throughout the test section. The 
turbulence factor was found to oe 1.344. 
After completion of the calibration, of the test section, each 
wing model was mounted independently on the balance system and runs Num-
ber 1 and 2 were made to obtain data necessary to give the aerodynamic 
characteristics of each wing. These data are plotted in Figures 9 and 10. 
Next the inverted vee formation was formed in the test section. 
This was accomplished by bisecting the wing which had a NACA 4312 air-
foil section in two equal parts, each of which was mounted on a disk that 
was graduated in degrees. This made it possible to attach a disk and semi-
span (hereafter to be referred to as one front wing) on each vertical 
boundary of the test section and adjust its angle of attach. The Clark-Y 
wing mounted on the balance system was situated aft of the front wings, 
thereby completing the inverted vee formation. See Figures 19, 20, and 21. 
It was now possible to test the inverted vee formation for the 
optimum formation. The first step was to select from the existing vari-
ables those that were to be held constant throughout the testing. The 
dynar.iic pressure of the wind tunnel, the gap between wing tips of the 
12 
front wingsj and the angle of attack of the front wings were selected. 
The selection of the gap between front wings was made so that the gap dis-
tance was equal to one front wing 3pan, The selection of the angle of 
attack for the front wings in the test section was such that the lift 
coefficient equaled 1.0. This angle of attack was 10,4 degrees (incor-
rect ed)j which corresponded to an angle of attack of 10,4 degrees (cor-
rected) for the whole wing, (Note that these angles of attack are rela-
tive to the flow direction,) This was possible since in this particular 
instance the wall boundary correction, 6 , on the two front wings is 
aero,° Thus the lift coefficients for a corrected angle of attack for 
the whole wing and an uncorrected angle of attack for the two front wings 
will be identical when the angles of attack are numerically equal, 
To find the optimum position for the rear wing in the inverted vee 
formation it was necessary only to change the orientation of the Ulark-Y 
wing with respect to the front wing position. Since the Clark-Y wing was 
located on the fore and aft center line of the test section, the orienta-
tion became a two dimensional task in the vertical and longitudinal direc-
tions , 
The initial test runs to locate the optimum position were nade in 
five groups, each group being identified 'oy the vertical location of the 
rear wing with respect to the front wings. The groups were then investi-
gated along the fore and aft center line of the test section at stations 
measured in the x direction—aft being a negative measure. The measure-
"Alan Pope, • rind-Tunnel Testing, New York: John Wiley & Sons, Inc., 
1947, P. 234. 
13 
ments were nade from the quarter chord of the front wing to the quarter 
chord of the rear wing. The five groups were S = 0, 3 =±0.1 b/2, and 
Z = ±0.2 b/2, where b/2 was equal to one front imng. The stations in 
the x direction were -0,5 b, -0,6 b, -0,7 b, -0,o b, -0,9 b, -1,0 b where 
b was the span of the whole wing, 
For each run, micrometer readings (from the SR-A- Control Box of 
the balance system) were taken for the lift, drag and pitching moment 
on the rear t/ing, for every 2,0 degrees through an angle of attack range 
from minus 12,0 to plus 16,0 degrees. The readings were checked within 
experimental accurac:/ by repeating settings and by continuously checking 
the wind-off readings, 
After the runs were completed, tare readings on the support less 
the model were made. These were found to be 2ero for both the lift and 
the moment, while the drag value varied depending on the amount that the 
support projected into the path of the free stream. The tare values were 
subtracted from the micrometer drag readings to get the net drag for the 
model. 
The wind tunnel data was then reduced in the usual manner to ob-
tain the lift coefficients, drag coefficients, and true angles of attack, 
The drag polars for each case were plotted in respective groups along 
with the drag polar curve of the Clark-T wing when out of the formation 
to obtain the maximum decrease in drag. This m£iximum decrease is an 
indication of the position for maximum results—hereafter to be referred 
to as the "optimum position", 
Flight Tests.—The flight tests conducted to further substantiate the 
14 
theoretical proposal of the existence of such a means to increase the 
range of aircraft were flown 07r U. S. llarine Reserve Pilots and the 
author. 
The aircraft used in the first flight test were three Martin AM-1 
attack bombers. 
The second flight test was conducted with two FG-lD's, nore com-
monly known as the "Corsair", as the front lead airplanes and one SNJ-4 
acting as the rear airplane in the apex of the inverted vee formation. 
The first flight test was conducted on an S00 mile navigational 
flight. The first step on the outward leg of the flight was to check 
the test instruments of the three aircraft for accuracy and similarity 
of reading by a comparison test at several power settings. This was done 
in order that any discrepancy could be corrected for in the data reduction. 
Nextj three different inverted vee formations were flown at two 
different power settings. The first formation was flown with the front 
airplanes one span apart (measured from wing tip to wing tip) and with 
the rear airplane one span (forty feet) aft. The power setting was lo^O 
llV.l at a manifold pressure of 19.0 inches of llg. which produced an equiv-
alent airspeed equal to 100.0 knots4 The second flight was flown with 
the front airplanes one-half a span apart (twenty feet) and the rear air-
plane one span aft and stepped up approximately five feet. The power 
setting was the same as in the first case. The third flight was flown 
with the front airplanes one-half a span apart (twenty feet) while the 
rear airplane was three-fourths a span aft (thirty feet) and slightly 
above the horizontal plane of the front aircraft's wings—approximately 
three feet. The power setting of I9OO RH! at 29.0 inches of Hg. manifold 
15-
oressure gave an equivalent airspeed of 180.0 knots. The return leg of 
the flight was flown continuously in the third configuration. Although 
it did not give the best results percentage id.se, it was the best from 
a pilot•s viewpoint• 
The initial step in conducting the second flight test was to cal-
ibrate the rear airplane, the SNJ-4, since it was necessary to know what 
power setting would be required for a certain equivalent airspeed at the 
test altitude of 6,000 feet. Three runs were made from 100.0 to 1/̂ 0,0 
knots, in increments of 10.0 knots, reading manifold pressures with re-
spective airspeeds at a constant RJM equal to 1900. This sufficed for 
determining the engine power output during operations since manifold 
pressure is a direct function of the power availability. The engine 
power output can be determined on the basis of simultaneous readings of 
engine speed, altitude, manifold pressure, and carburetor air tempera-
ture in conjunction with the pertinent engine operating curves. Free 
air temperature will suffice if carburetor air temperature, as in this 
case, is not readily obtainable. 
The second step was to form the inverted vee formation, with the 
SIIJ-4 as the rear airplane and the two FG-lD's flying the front positions, 
The test runs were conducted by flying a rectangular flight pat-
tern with a time limit of three minutes on each leg. Starting from an 
initial 100.0 knots the airspeed was progressively increased 10.0 knots 
on each leg to 140.0 knots; the limit imposed by the full throttle speed 
obtained by the rear airplane. The test runs were made at three differ-
ent gap distances measured between the wing tips of the front airplanes. 
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For the flight test runs Humber A- through 9, the wing tip gap was ap-
proximately one span (forty feet) of the FG-1D. For the runs Number 10 
through 15» the wing tip gap was approximately three-fourths the span 
(thirty feet) of the FC-1D. For the rims Number 16 through 20, the wing 
tip gap was one-half the span (twenty feet) of the FG-1D. These runs were 
made from 11Q.0 to 140.0 knots, inclusive, since the 100.0 hnot run was 
found to be extremely unstable, thus making it difficult to maintain 
formation, 
"\ 
DISCUSSION 0? RESULTS 
To discuss the results it will be advantageous to compare the 
data obtained from the wind tunnel tests and the second flight tests 
with those predicted by theory for identical setups. This comparison 
will include correlations of the optimum positions, the amounts of up-
wash and the increases in efficiency obtained experimentally with those 
indicated by theory. 
Wind Tunnel Tests.—To locate the optimum position for the wind tunnel 
tests3 the drag polars, shown in Figures 11 through 15,were compared for 
the maximum negative ACQ which in turn indicated the maximum upwash. 
Fig, 11 shows that the maximum negative AG^ occurs where x = -0.9 b, and 
£ » 0. This is the optimum position for the rear "ring for the wind tun-
test setup. The optimum position predicted by theory for the wind tun-
nel test setup nay be calculated using the formula as given by Kaden which 
is 
x = 0.56s AS 
CL 
After numerical substitution in the above equation the theoretical dis-
tance aft on the x a:d.s for the wind tunnel testing setup is 24.6 inches 
or in terns of the whole front wing span, x » -1.23 b, at z = 0, hence 
the experimental value x = -0.9 b at z = 0 is 73.2 per cent of the theor-
etical value. 
:. 
The average experimental upwash is obtained by solving the enac-
tion 
ACnV 
The solution of the equation gives a value equal to 16.40 feet per sec-
ond for the average experimental upwash at the optimum position of the 
wind tunnel tests. (The calculations appear in Appendix IV.) 
The theoretical solution for the upwash for an identical setup 
to that of the wind tunnel test is accomplished with the aid of Fig. 17. 
This figure represents the general solution for the theoretical vertical 
induced velocities in the lateral plane when z = '0, i.e. the upwash that 
occurs outboard the wing tip of one front wing for several positions aft 
along the x-axis with z s 0. The curve x = -0.9 in Fig. 1? represents 
the optimum position for the rear 7.iing in the wind tunnel tests. It is 
graphically integrated between selected limits of integration for the 
general solution of the theoretical upwash in terms of w/w0« Since w/w0 
is equal to W/G^V/^TTAS, the particular solution for the theoretical up-
wash of the wind tunnel test setup is found "oy substituting the values 
of aspect ratio and center-line sectional lift coefficient for the front 
wing and the free stream velocity. In this case a value equal to 28,40 
feet per second was found for the theoretical upwash. Thus the wind tun-
nel experimental result of 16.40 feet per second is 57.6 per cent of the 
predicted theoretical value. 
Returning for a moment to the graphical integration used in deter-
mining the theoretical upwash for the wind tunnel testing setup, an ex-
19 • 
planation of the selection of integration limits seens in order. Con-
sider the plan view of the test setup for the optimum position as shown 
in Fig. 5. 












by assuming that the trailing vortices are half rolled-up and 
knowing that the core diameter of the vortex is equal to two-tenths of 
the chord of the front wing, the region of effective upwash can be estab-
lished for the optimum position. Referring to Fig, 5 the vortex span 
for the fully rolled-up condition is SJ per cent of the whole front wing 
span. Therefore, the vortex span for the half rolled-up condition is 
93-5 per cent of the front wing span or 18,70 inches. Obviously the 
vortex semi-span is equal to 9,35 inches. Considering that the diameter 
of the vortex core is eight-tenths of an inch, one boundary of the upwash 
pattern will occur at a point 9.75 inches outboard iron the center line 
of the front wing. This distance will be designated n = 1, In terms of 
the nondimensional value n, the first limit of integration will ~oe n =• 
1.02. For the second limit of integration the vortex seni-span plus the 
remaining span of the rear airplane is considered. The second limit of 
integration in terms of n will be n = 2,04, Therefore the effective area 
of upwash ranges from n = 1,02 to n = 2,04 semi-spans of the vortex span, 
Flight Tests.—Before a reasonable analysis of the data for the first 
flight test can be made, it must be explained that no attempt will be 
made to correlate this data with theory, since the intent of this test 
was only to substantiate the premise on which this subject was undertaken, 
and complete flight test instrumentation T.ras not available. 
The flight test m s conducted with three Harbin AII-1 Naval Attack 
Uonbers flying in three different inverted vee formation confirmations 
on an overland navigational flight at an average altitude of 3,500 feet. 
The first configuration proved inconclusive, îo conclusions could 
be drawn since a severe turbulent area was encountered by the rear air-
plane. All stick forces were increased with the e:-:ception of the aileron 
control which was neutralised. An interesting point to note was that any 
movement or maneuver DT̂  the front airplanes was definitely felt ay the 
rear airp3-ane and compelled a correction. 
The second configuration produced positive results. The rear 
airplane encountered a region somewhat less turbulent than before, but 
more important, a region where the upwash was of such magnitude that the 
nanifold pressure of the rear airplane was reduced from 19.0 to 15,0 
inches of mercury—a 21 per cent reductionl In this region the rear air-
plane was stepped up approximately five feet above the front airplane's 
wings, Since this decrease in power occurred near a region of turbulence, 
which caused poor control characteristics not unlike the first flight, 
it was considered most undesireable from a pilot's viewpoint. 
The third run which was made at an equivalent airspeed of ISO 
knots produced a reduction in manifold pressure from 29.0 to 24,0 inches 
of mercury. This amounted to a 17 per cent reduction in power recuired 
for tiie rear airplane. The position of the rear airplane was in a very 
stable region such that control was excellent at all times. 
The third position was flown on the return leg of the navigation 
flight in order that the fuel consumption could be checked. It was found 
that when the two front aircraft were refueled they recuired 22.0 and 25 «0 
per cent more fuel than the rear airplane. The discrepancy between the 
percentages in fuel consumption is due to pilot technique and the joclce:̂ -
ing required of the right front airplane while flying wing on the left 
front airplane which acted as lead airplane. The discrepancy between 
the percentage of power reduction and percentage of fuel saved can be ex-
plained oj the fact that a plot of specific fuel consumption against man-
ifold pressure is not linear, therefore the fuel savings could easily be 
greater than the 17.0 per cent povj-er reduction in a percentage sense of 
the word. 
22 
The second flight test was flown with tiro KG-ID's as the front 
airplanes and one S;!J-4 as the rear airplane. To make an evaluation 
of the data, the criterion selected was a comparison of the power re-
quired for the SIIJ-4 in the inverted vee formation with the power re-
quired for the SIJJ-4 out of the formation. This was sufficient because 
the reduction of power required for the rear airplane while in the in-
verted vee formation can be expressed as a reduction in drag. Hence 
the optimum position for the rear airplane is the position where the 
drag reduction is a narinum. 
The maximum reduction in power required for the 31!J-4, as shown 
in Fig. IS, occurred at an equivalent airspeed of 140.0 knots, where 
the manifold pressure was reduced from 29,0 to 21,0 inches of mercury 
or a 28.0 per cent reduction. The optimum position for the SIIJ-4 coin-
cided with this airspeed. The gap between the wing tips f̂ the two front 
airplanes was 20.0 feet or one half the span of the FG-1D, The SIIJ-4 
was 40,0 feet aft of the front airplanes. This distance is 64,5 V°r cent 
of the theoretical value of 62,5 feet, which was obtained by solving 
Kaden's formula. 
The experimental upwash Wgjm produced at this position was 11,4^ 
feet per second. The theoretical value, obtained in a similar manner to 
that used in analysing the wind tunnel data, was 27.0 feet per second, 
Thus the esqpeririental value is 42.5 per cent of the theoretical value. 
This clearly indicates that the optimum position was not located in this 
flight test and that power savings greater than the 2S per cent obtained 
should be obtainable, 
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COHCLUSIOllS 
1. The results of the flight tests are of such magnitude that 
the inverted vee formation establishes itself as a method to substanti-
ally increase the range of the rear airplane, without undue losses to 
the front airplanes. 
2. The net gain by the rear airplane is a function of the type 
of airplanes employed as front airplanes. The greater the differences 
in gross weights, the greater vri.Il he the results. (The front airplanes 
muqt be of the larger typef) 
3. The data obtained from the flight tests and wind tunnel tests 
clearly indicate the relative distances between the airplanes of the in-
verted vee formation for the optimum formation. 
E , The distance between wing tips of the two front 
airplanes should be no greater than three-fourths a span or 
no less than one-half a span of one front airplane. 
b. The distance that the rear airplane is aft of the 
two front airplanes should be no greater than one span or no 
less than three-fourths of a span of one front airplane. 
4. The optimum position for the rear airplane will be a stable 
region in which to fly. This stability will continue to exist as long 
as the following airspeeds are observed: 
a. The airspeed of the formation must be equal to or 
greater than 110 per cent of the stall speed of the rear airplane, 
b, The airspeed for the front airplanes oust be approxi-
mately twenty per cent rreater than their stall speed. 
RB3CMHBHDATICI© 
The inverted vee formation is not the ideal or ultimate in any 
sense of the word. It is, however, the focal point from which subse-
quent uses and applications may be performed and applied. 
Some of the future uses and applications of the inverted vee 
formation are given below. It is recommended that further flight tests 
be undertaken with these views in mind. As a result of the critical 
world conditions, these applications are of a military nature* 
1. On long range oomber missions, protective jet fighter air-
craft co-old be carried along in the upwash regions created by two bomb-
ers flying one span apart measured between wing tips. This region is 
large enough to support one inverted vee formation of fighter aircraft, 





Fighter Escort Formation 
issions where p essence over the target, 
tiro heavy boribers (B-36F or 3-50 types) could support one, two or three 
fighter-bomber jet aircraft in the up; rash region bet; re en their wing tips, 
This inverted vee formation could fly to a point outside the target area, 
whereupon the fighter-oonber(s) would proceed to the target alone at very 
high speeds to deliver the bombs. A rendezvous with the mother airplanes 
would ue ix.de at a predetermined point for the return trip to base. 
Bomb Drop 
Figure 7 
Fight er-13 o: b er F ormat ion 
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3« For very long missions where the range of fighters becomes 
critical, the heavy bombers could "tear" the fighters off their wing tips 
in the region of upwash until the combat area is reached. The fighters 
uould then be "released" to perform their assignments. After the bomb 
rim and when fighter activity had subsided, the fighters could join up 
on the bombers, forming inverted vee formations for the return trip home. 
Figure 8 
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nmcsmmmjc CHARACTERISTICS OF ETACA 4312 AIRFOIL 
.Wind Tunnel Hun No* 1 
Wind Tunnel Hodel: Forwnrd Wing 
Airfoil Section = NACA 4312 
Aspect Ratio = 5.0 
Wing Span = 20.0 in. 
Wine Chord = 4.0 in. 
Wing Area = 30.0 so. in. 
Wind Tunnel Velocity = 80.79 m. P. h. 
Wind Tunnel Jet Temperature = 89° F 
















0.315 0.0216 -0 .0735 
0.461 0.0260 -0 .0594 
0.557 0.0365 -0 .0570 
0.703 0.0463 -0.0407 
0.823 O.O667 -0 .0461 
0.9AB 0.0794 -0 .0321 
I.O76 0.1010 -0.Q323 
1.165 0.1197 -0 .0227 
1.243 0.1423 -0 .0133 
1.232 0.1355 -0 .0219 
1.006 0.2637 -0 .0555 
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TABU! 2 
ASRODYlT/uTC CHAEAOTKISTICS OF CLAEK-Y AIRFOIL 
Wind Tunnel Hun No, 2 
Wind Tunnel Model: Rear Wing 
Airfoi l Section = KACA Clark-Y 
Aspect Ratio = 4,0 
Wing Span = 12.0 i n . 
Wing Chord = 3.0 i n . . 
Wing Area = 36.0 sq, i n . 
Wind Tunnel Velocity z SO.73 m. p . h. 
Wind Tunnel Jet Temperature = 92° F 





0 0.50 0.315 
2 2.47 0.433 
4 4.44 0.535 
6.41 0.646 
8 S.37 0.763 
10 10.33 O.S96 
12 12.29 1.023 
14 14.27 1.109 
16 16.27 I.096 













AERODYIIAI-IIC CHARACTERISTICS OF CLARK-Y AIRFOIL 
mm m INTHEITED YES Fcmmim 
Wind Tunnel Rim No. 7 
Wind Tunnel Model: Inverted Yee Formation, Optimum Posit ion 
Rear Wins Posit ion x = -0,9 b 
7 = 0.5 b 
a - 0 
Wind Tunnel Telocity = 80,30 n. p . h. 
Wind Tunnel Jet Temperature = 92° F 
Atmospheric Pressure = 29.30 i n . He. 
C T CX ° °L 
GD 
-12 -11.33 -0.071 0.0277 
-10 -9.43 0,124 -0.0002 
-s -7.48 0.253 -0.0196 
-6 -5.52 0.399 -0.0295 
-4 -3.56 0.522 -0.Q331 
-2 -1.59 0.643 -0.0456 
. 0.33 0.745 -0.0430 
• 2.33 0.905 -0.0474 
4 4.30 1.010 -0.0434 
) 6.26 1.123 -0.0355 
3.26 1.159 -O.OI67 
10 10.34 0.874 0.1538 
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TABLE k 
SSCOi-ID FLI0J1T TJST DATA 
S1JJ-4 C a l i b r a t i o n Runs No. 1 , 2 and 3 
Atmospheric Condi t ions 
A l t i t u d e = 6,000 f t . 
OAT = 10° C 
Atmospheric P res su re = 24 .04 i n . Hg. 
Run RKI IIAP EAS 
1900 15.5 100 
1900 IS.5 110 
1900 21.5 120 
1900 25.0 130 
1900 29.0 140 
1900 15.5 100 
1900 IS.5 110 
1900 21.5 120 
1900 25.0 130 
1900 2S.5 140 
1900 15.5 100 
1900 IS.5 110 
1900 21,5 120 
1900 25.0 130 
1900 29.0 140 
TABLE 5 
SBCQID FLIGHT TEST DATA 
Inverted Vee Formation 
Runs Ho. 4 through 15 
Atmospheric Conditions 
Alt i tude 
OAT 
Atno s pheric Pr es s ure 
Run y X B RPLI IT LIS 
.': 1 b 1 b 0 P. . 1900 15 .10 102 
5 1 b 0.75 b 0.12 b 1900 16.50 110 
6 1 b 0.75 b 0.12 b 1900 IB.50 120 
7 1 b 0.625 b 0.12 b 1900 21.00 130 
: 1 b 0.625 b 0.12 b 1900 25.00 140 
."' 1 b 0.55 b 0.12 b 1900 27.25 145 
10 0.75 b 0.62 b 0.12 b 1900 15.00 105 
n 0*75 b 0.75 b 0.12 b 1900 16.50 113 
12 0.75 b 0.62 b 0.12 b 1900 17.50 120 
13 0.75 b 0.62 b 0.12 b 1900 20.00 132 
14 0.75 0 0.62 b 0.12 b 1900 23 .00 140 
15 0.75 b 0 .62 b 0.12 b 1900 25.50 145 
6,000 f t . 
10° C 
24.04 i n . •. 
TABLE 6 
SECOND FLIGHT TE3T DATA 
Inverted Vee Formation 
Runs I Jo. 16 through 20' 
Atmospheric Conditions 
Alt i tude = 6,000 f t . 
OAT " 1 1 ° C 
Atmospheric Pressure = 24.00 in . Hg. 
Hun y X B RRI MP IAS 
16 0.5 b 0.75 b 0.12 b 1900 15.00 110 
17 0.5 b 0.75 b 0.12 b 1900 16.50 120 
' 0.5 b 0.75 b 0.12 b 1900 I S . 00 130 
19 0.5 b 0.62 b 0.12 b 1900 21.00 140 
20 0.5 b 0.75 b 0,12 b 1900 23.00 145 
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-0.02 0 0.02 
Drag Co1 r i ' i c i e n t - C 
I Legend g:ffi 
;:::|?:-.|:;i!|i!;P-
1 . O Clark-Y Wing 
Mono 
2 . • Clnrk-Y At 
x = - 0 . 5 b 
3 . fc> Clark-Y At 
x = - 0 . 6 b 
- 4 . O Clark-Y At 
x = - 0 . 7 b 
5 . X7 Clark-Y At 
x = - 0 . 8 b 
6 . -f <7lark-X At 
x z - 0 . 9 b 
7. 0 Clark-Y At 
x = - 1 . 0 b 
\ • \ Z * 0 
0.04 0.06 
F igure 11 
Comparison of Drag on Clark-Y Wing When In and Out of F o r m t i o n 
g 2 . Q Clark-Y l.Ting At 
x = - 0 . 6 b 
E 3 . l>Cla rk -Y fling At 
x = - 0 . 7 b 
- 4 . O Clsrk-Y ".Tin- At 
x s - 0 . 8 b 
m 
Z = -I- C . l b / 2 
4 ItililiiWii; 
-0.02 0 0.02 0.04 
• i , , • * . -
mm 
0.06 
DraG Coe f f i c i en t - C 
Fi/?iro 1C 







1. O Clark-Y Wing Alone 
2 . Q Clark-Y At 
x = -0 ,5 b 
3 . E> Clark-Y At 
x = -0 .6 b 
4 . O Clark-Y At 
x = -0 .7 b 
5. ^ C l a r k - Y At 
x = -0 .8 b 
fflffl 6 . + Clark-Y At 
x r -0 .9 b 
i.t-TMiTmr 
W 
Z = + 0 . 2 b/2 S 
-0.02 
I I I 1 I I T T 1 t.. " T - T T 
0.02 
Drag Coefficient - C_ 
0.04 o.06 
Figure 13 
Comparison of Drag on Clark-Y Wing When In and Out of Formation 
-3 
-0 .02 0 0 .02 0.0/* 
Drag C o e f f i c i e n t - Cp 
0.06 
Fijf^ure 14 








2 . • Clark-Y At 
^ x = - 0 . 5 b 
3 . L> Clark-Y At 
x = - 0 . 6 b 
4 . <S> Clark-Y At 
x = - 0 . 7 b 
5 . fe^ Clark-Y At 
x s - 0 . 8 b 
"^ttiti-.titLillll 1-11! ti+fff 
| Z « - 0 . 2 b / 2 
littkniiitift-fi-hi-nimwa 
-0.02 0 0.02 0.04 0.06 
Drag Coef f i c i en t - C, 
D 
Figure 15 









1 . O Clarl:-Y wTing Alone 
2 . O Clark-Y At 
x = -0 .9 b 
3 . <J Ulark-1 At 
x • -0 .9 b 
4. • Clark-T At 
x s -0 .9 b 
5 . + Clark-Y At 
x a -0 .9 b 
WSMM i.i.:;l-::l-':-
-0.04 0 0.04 




The- Affect of Ciian/^inG the Distance Between Uinp Tip: 


















1.4 1.8J 2.2 * 2.6 
Sani-Spans Out From The Axis Of Symmetry 
Figure 17 
General Solutions For The Vertical 









1 4 _L* HlllllllllliltM 
100 u o 150 110 120 130 
Equivalent airspeed - Idiots 
Figure 18 
Comparison of the Power Required for the SIIJ-4 V/hen In and Out of Format! 
-
Figure 19: Top View of Wind Tunnel Testing Setup 
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Figure 20: Side rfiew of Wind Tunnel Testing Setup 
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Figure 21: instrumentation if car Wind Tunnel Testing Program 
51 
APPELIDIX I I I 
ITUIIERICAL CALCULATIONS FOR Tffl 
THEORETICAL VERTICAL HOTCED VELOCITY 
WU1-SRICAL CALCULATIONS FOR THE 
THEORETICAL VERTICAL INDUCED VELOCITY 
The induced velocities that exist around the horseshoe vortex 
system nay be obtained by u3ing the Biot-Savart law. The solution is 
simplified, when uniform spanwise loading is assumed. Hence, as shown 
in Fig. 22, the upwash w at a station y laterally out from the plane 
of symmetry and x distance ahead (or -:: distance behind) of an airplane 
may be obtained by using the formulae for w^, ws and wp,7 
oo 
Figure 22 
The general equation for the total upwash w will be the summa-
tion of these formulae or 
W = V7b f W 3 + W p 
?Alan Pope, Basic Uinr and Airfoil Theory. (i:cGraw-Hill Book 
(Jompany, Inc.) First Edition, 1951, pp 217-219, 
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'.,'4- g y - s 
{ (7 +• s ) 2 -1- x 2 ~U (y - s ) 2 2 1 + 2T 
-r 
i n (7 - s) 
1 + 
•fcT^ s)2 +x? 
+ r 
4rT(y *• s) 
1 4-
~\ (y + s ) 2 + x 2 
.For ease i n c a l c u l a t i o n s l e t 
x - ms 
7 = ns 
B s ps 
The fo rego ing equat ion t h e n becomes 
w — — 
CjS7 n + 1 
16 H s 2 ni "ftn \0 1 4* 1 ) ^ + m^ 1 
n - 1 
(11 - l ) 2 t n 2 
CL3V 
1617s2 (n - 1) 
i -+- -m 
~\ ( n -
9 9 1)^ + m 
+ 
CLS7 
I 6 r f s 2 (n + 1) 
1 + | - \ 
1 (n + l ) 2 + n 2 
When z ^ 0, the o r ig ina l equation becomes 
w =r — 
CL7 - i . 
9 •> 
n + 1 n - 1 
4HAR (n-- + p^) ^ (n + l ) 2 + m2 4 p 2 ^ | (n-l)2+in2+p2 
°l7 (n - 1) 
4rUR |̂ 2 • (n-1)2 J 
1 — -m 
l ( n - l ) 2 + m2 + p 2 
c l 7 (n 4 1) 
4rfAR 
P P 2 + ( n + l )
2 1 "J (n + l )
2
 + m
2 + p2 
55 
The general solutions for the latter tiro equations are obtained 
in terms of w/w0. In this case the general solutions for the vertical 
induced velocities in the lateral plane when a = 0 were obtained for the 
x distances downstream where the optimum positions for the wind tunnel 
and second flight test occurred* These positions are x = -0.9 D and x s 
-1.0 b, respectively. It was assumed that the curve x - -0.9 b, as shown 
in Fig. 17, will suffice for both cases. 
The theoretical upwash was found using the following equation, 
V\ 
wt " 4 AR TT 
where 
CL = the t o t a l l i f t coefficient ( The cen te r - l ine l i f t coefficient 
may be subst i tu ted i f known.) 
V = the free stream veloci ty in feet per second 
AR - the Aspect Ratio 
K. « the area obtained by in tegra t ing the curve x = -0.9 b , Fig. 17 , 
between the selected l i m i t s . 
Hence, for the wind tunnel t e s t s the t heo re t i ca l upwash w i l l be 
wt =
 1.135 x 115.5 x 6.75 
4 x 5 x 3.14L6 x (2.04 - 1.02) 
w-t = 14.20 feet per second 
Tills i s the upwash due t o one front wing, therefore the t o t a l theore t i ca l 
upwash encountered by the t;la.rk-Y wing i s 
w t s ^ ^ ^ee'k P637 second. 
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The calculat ions for the t heo re t i ca l mpwash at the optimum pos-
i t i o n for the SIIJ-4 in the second f l ight t e s t follow the sane procedure 
as outl ined for the vdnd tunnel t e s t so lu t ion . The data necessary for 
the solution are as follows: 
Basic Data: FC—1D @ 6,000 feet  
V i v i V i a': S V t °- G-s C L ^ ICb 
•foots nph fps lbs sr f t fps lbs/ft** lbs none none none 
140 161 237 12,500 341 259 67,0 22,G00 0,54? 5.36 6.95 
By subst i tu t ing the known values in the equation 
* 4rTAR t> 
™ = 0-54° :z 259 fns x 7-56 
t 4TT5.36 x (2.21-1.025) 
v?̂  = 13.50 feet per second 
Again, t h i s i s for one a i rp lane , hence the theore t i ca l upvrash produced 




FOR THE EXPSREISIITAL UFJASH 
5S 
CALCULATIONS FOR THE EXPEREXTTAL UFJASII 
FCE THE T/ffiID TUNIEL TEST 
The calculat ions for the experimental upwash a t the opti:rrun pos-
i t i o n in the i-rind tunnel t e s t s en t a i l computing an average experimental 
upvrash over a range of l i f t coeff ic ients . The solution i s obtained using 
the equation 
„ _ ACDV v'exp - —q-
C L CD &GD V 
CL  
V 0 0 133.5 C 
0.10 0.019 0.190 U S . 5 22.515 
0.20 0.Q33 0.165 U S . 5 19*553 
0.30 0.043 0.143 I I S . 5 I6.9SO 
0.40 0.054 0.135 I I S . 5 15.99S 
0.50 0.064 0.128 113.5 15.16S 
0.60 0.075 0.125 I I S . 5 14.S13 
0.70 0.037 U . X.t-~i4*~- I I S . 5 14.71S 
o.so 0.099 0.123S ns.5 14.694 
0.90 0.112 0,1244 I I S . 5 14.746 
1.00 0.125 0.1250 I I S , 5 14.813 
The solution gives an average upwash of 16.40 feet per second, 
CALCULATIONS FCE THE :e_0_PJI 2_!TAL UFJASK 
FOE FLIGHT TEST TTUI3ER 2 
The experimental upwash iTacp t h a t the SIJJ-4 encounters while in 
the inverted vee formation can be calculated for the optinun posi t ion. 
Basic Data: S1IJ-4 © 6,000 feet  
v ± Vi Vi m s v t q qs cL CDT 28% CDT 
Knots mph fps none none fps lbs/ft- lbs none none none 
-—_—_— - _ . -I • •—MMMWrt—•— • • •_••--——aW-P*»l • ••»••» — •—• — , • - - . • • _..!. i- —.»—•—•.•• -»—— — • — •-•-• -1— i. - - • —u... • ! . , . i . • • _ . . - , • » • , . . — . n . , . . . i i . • K M • < H 
140 161 237 5,500 253.7 259 67.0 17,000 0,324 .0510 .0143 
Since the power required for l eve l f l igh t at the optimum posit ion 
i s reduced hy 25.0 per cent , the drag i s effectively reduced 28.0 per cent 
a l so , hence, using the formula 
_ ACDV 
' • • • e x p " cL 
and l e t t i n g /_ Op equal the 2C.0 per cent CQ^, the solut ion i s 
* _ = Q_Q]__ x 2 5 9 
e^9 0.324 
ve_p " H « ^ feet per second 
